ABSTRACT
Introduction
Recent technological advances have been made with respect to serious problems (e.g. population growth continuously, environmental pollution, energy shortages, and inadequate transportation capacity) in existing railway systems. Nowadays, due to many advantages such as big transport capacity, energy-saving, and environment-friendly electrified railway system is considered as a proper substitution for the obsolete and diesel systems.
The single-phase electric supply of electrified railway is provided via single-phase or three-phase traction substations. The electric locomotives are basically considered single-phase loads in which the load conditions and speeds alter during every short span of time. Besides, non-linearity, asymmetrical, and non-sinusoidal are other characteristics of such single phase loads. This results in an unbalance and harmonic load to the utility grid more than before. Special traction transformers (e.g. V/V, Wye-Delta, Le-Blanc, and Scott) are usually applied to feed the traction loads and therefore, to reduce the unbalance problem.
The best connection of transformer for a particular utility grid is selected based on different electrical parameters and physical conditions such as primary cost, maintenance condition, necessary reservation in utility grid, the effects of harmonic and negative sequence on the utility grid and power factor value in power system.
Harmonic and negative sequence components of voltage and current viewed from PCC have been evaluated in several papers [1] [2] [3] [4] [5] . However, the power factor has not been analyzed focused sufficiently in the Electrical Railway systems as a power quality index.
In order to determine the power factor behavior at PCC, four definitions are presented by IEEE Standard 1459-2000 [6] . "Chang Ping" and his colleagues have studied the effects of harmonic distortion and unbalance loads on the different power factor definitions in railway systems regarding the following assumptions [7] .
a) The Electrical Railway load is taken as a RL one and the harmonic components values are injected arbitrary amplitude and separately. b) They have studied separately the effects of harmonic distortion and unbalance loads on the power factor behavior for three transformer connections (i.e. V/V, Scott and Le Blanc).
c) In the harmonic analysis, only the harmonic components 3, 5 with the same and unreal values are considered. d) In analyzing the power factor behavior, leading states are considered. However such cases occur seldom in the Electrical Railway systems. The aforementioned assumptions are not able to express the exact nature of the Electrical Railway Systems. Therefore, this paper is aimed at evaluating the power factor behaviors of the utility grid in various terms of unbalance positions and harmonic distortion, using the real load model [8] . Finally to calculate the power factors in different conditions of the Electrical Railway systems, a suitable definition is introduced for aforementioned special transformer connections.
Power Factor Definitions
One of the significant indexes in defining the power quality of the utility grid is the load power factor and the feeding system. Power factor is generally determined by a specific definition considering balance loading without harmonics on the load side of substation. However, in practice the power factor is affected by harmonic distortion and also unbalance loading.
Several power factor definitions are presented to apply the effects of non-sinusoidal and unbalanced conditions in electrical railways. In this part, calculating methods for the power factor is presented [6] . The impacts of the harmonics and unbalance loading are simulated and studied in section 5.
The active power is composed of the fundamental and harmonic components. These components are defined as bellow respectively:
The reactive power is composed of the fundamental and harmonic components too. These components are defined as bellow respectively:
Distortion Power (D B ) is defined based on Budeanu's rule and it is calculated via the following equation:
As a result, per phase apparent power is defined as:
Then, arithmetic apparent power (S A ) and power factor (PF A ) are calculated based on the aforementioned equations:
Obviously, S A is the direct sum of three single-phase apparent powers, so that it cannot completely demonstrate the effects of load unbalance.
If the active, reactive and distortion powers are considered individually from each other, vector apparent power (S V ) and apparent power factor (PF V ) are defined as:
where Figure 1 shows the difference between SA and SV. 
The effective apparent power (S e ) and effective power factor (PF e ) of the three-phase is calculated through the following equations: 
The effective apparent power has been introduced to determine the power-line losses caused by unbalanced loads [9] .
In order to evaluate the loading characteristic of the Electrical Railway, it is necessary to introduce a suitable power factor definition among PF e , PF A and PF V . Finally, fundamental power factor is defined as:
where
This definition is based on only fundamental component and therefore, harmonic distortion can not affect on its value.
Traction Transformer
Specially connected transformers such as single-phase, V/V, Wye-Delta, Scott, and Le-Blanc transformers are used to convert a three-phase supply into one or two single-phase supplies. These transformers are commonly used in the electro locomotive traction systems. In all equations, K=N 1 /N 2 is defined as no-load turn ratio.
Single Phase Connection
The single phase traction transformer configuration is shown in Figure 2 . For a single phase traction transformer, there is only one terminal at the secondary side. This type of connection causes the worst unbalance loading condition in Electrical Railway system. When power supply is provided through AB phases, the current and voltage relationships between primary and secondary of the Single phase transformer are: 
V/V Traction Connection
The configuration of V/V traction transformer is shown in Figure 3 . It is composed of two single-phase transformers which fed by two phase voltages (i.e. AB and CB) and the current and voltage relationships are as below:
Wye-Delta Connection
The Wye-Delta transformer, another specially connected transformer consisting of three two-winding transformers is used in electric railways. The current and voltage relationships obtained from Figure 4 are as follows: 
Scott Connection
The Scott traction transformer consists of two single-phase transformers, M and T, and its diagram circuit is demonstrated in Figure 5 . This connection transforms three-phase to a two-phase supply and therefore, it can be reduced the degree of voltage imbalance caused by single-phase traction loads. The magnitudes of the voltage at the secondary sides are equal but the phase angle of T transformer is 90° in lead of M. The current and voltage relationships of the Scott transformer are calculated as follows:
Le Blanc Bonnection
The winding of the primary side of Le Blanc transformer is designed in a delta (∆) connection form and on the secondary side, two windings (T and M) are used which contain unbalanced structure as shown in Figure 6 . This connection transforms three-phase to a two-phase supply similar to the Scott connection and therefore, it can be also reduced the degree of voltage imbalance caused by single-phase traction loads. The current and voltage relationships of the primary and secondary of the Le Blanc transformer are as follows: 
Traction Load
To consider the effects of the harmonics on the utility grid, a 2.5-MW thyristor rectifier locomotive (rated at 25 KV) are assumed [3] . It is modeled as two half-controlled thyristor bridge rectifiers in series as shown in Figure 7 .
Transformer ratio is 1:0.5:0.5. All locomotives parameters are converted to a 25 KV base. When two or more such locomotives are running together hauling a single train, they are assumed to have identical firing angles. This assumption allows two locomotives to be modeled as a single locomotive of double or manifold the real size, which is easily obtained for example by halving the inductances, and doubling the capacitance and also doubling the load current. Figure 8 shows the traction load current and its harmonics spectrum. This simulation results represent that the odd harmonic order of the traction load current compared to even one as an expected.
Simulation Result
This section analyses the calculated results for different power factor definitions which stem from network simulation. Regarding the different functions of various transformers, this investigation is performed in four cases considering various connections. Furthermore, the power factor behavior is also taken in to account and simulated based on unbalance index from zero to 100 percent. The simulated network block diagram is considered according to Figure 9 .
In this diagram, the traction loading type and applied connection transformers affect remarkably on the calculation results.
To compare the results, five types of transformers with the same turn ratio are utilized in the block of Traction transformer. In load block, the real load model of the Electrical Railway is assumed which was utterly described in the previous part. Note that the necessary input data is shown in Table 1 . Table 2 illustrates the load conditions for four analyzing cases. Case 1 shows the balanced load at the both secondary sides of substation. In practice, it should be noted that the load balancing in secondary side (two-phase) is not the same in primary side (three-phase). In addition, practically due to moving of train, these two loads are not equated and they are seldom balanced. This imbalance is elaborated in the case 2.
Since the thyristor converter is used as a traction load model for the mentioned cases, the amount of power factors are low ranged (from 0.59 to 0.86, refer to Table  3 ). Therefore, for improving the power factor values practically, some methodology such as compensation in the utility grid, GTO converter, and IGBT converter are taken into account. Cases 1 and 2 are listed in Table 2 after improving the power factors by compensation method in terms of cases 3 and 4. Power factor values in the primary (three-phase) side of the Traction substation are shown as a simulation results in Table 3 . These results are categorized as following:
A: Case 1  The three phase sides of Scott and Le Blanc connections are balanced and therefore, the calculated power factors of PF e , PF A and PF V for theses two connections in case 1 are equal while the power factor value of PF 1 shows a slight difference compared with these factors due to load harmonics distortion.  In single phase, V/V and Wye-Delta connections, the power factor values are different from each other and are not the same. This characteristic represents the undesired effects of unbalance loading, resultant from asymmetrical structure of these connections on the power factor results.  In electrified railway systems, the ratio of the negative sequence current to the positive one is higher than the usual power utility grid. This fact leads to 
B: Case 2
Case 2 analyses the effects of harmonic distortion and unbalance loading on the power factor values. Here the unbalance index (UI) which is defined in the following section (refer to equation 48), is almost 50%. Simulation results demonstrate the following:  Due to unbalance loading, the power factor values are different in all connections. Since Scott and Le Blanc connections are formed by a more balanced structure, the disparity of power factor values of these connections are lower than the similar values in single phase, V/V and Wye-Delta connections. In the single phase connection this difference is remarkable and more observable compared to other than because they contain the most unbalanced position.  Considering the fixed summation amount of powers in single-phase connection, simulation results in cases 1 and 2 are equal.
C: Case 3 & 4
The main goal of simulating the cases 3 and 4 is to study and analyses compensated power factor manner. Analyzing the simulation results show that:  An improvement in the power factor values during compensation causes reduction of power factor disparity. However, the unbalance loading still have a great impact on the calculation results. If imbalance loading is increased, the disparity is intensified accordingly. The results of analyzing the four aforementioned cases show that, the rate of unbalancing in the utility grid is the most significant and effective parameter on the power factor trend. It should be noted that this imbalance utility grid are due to the imbalance loading and also different transformer configurations.
Therefore, in order to calculate the effects of unbalance loading on the utility power factor in various connections, the load summation must be considered to be fixed. So assuming the equal initial loading on both sides of traction substation that is
The effects of complete balance loading (two similar load on both sides), and the complete unbalance loading (only one load on one side of the traction substation) on the utility grid are investigated for various connections.
The unbalance index is defined as follow: Figure 10 illustrates the simulation results in terms of changing unbalance index from zero (complete balance loading) to 100 percent (complete unbalance loading) with fixed summation loads in various connections. As observed in this figure:  In all connections, PF V and PF 1 behaviors are almost independent of unbalance loading and have fixed trends.  PF e and PF A behaviors are both depend on unbalance loading and unbalanced transformer structures. So, when unbalance index is more than 20%, these power factors trend starts to change in Scott and LeBlanc transformers, despite of their balanced treat in railway systems.  In 100% unbalance index (which the injection negative sequence current in to the utility grid have a similar trends in all connections [3] ), it is observed that PF e power factor in various connections leads to almost the same amount namely 0.6. The reference [1] has introduced PF e power factor as the load specification index which can reveal the unbalance loading impacts in the utility grid clearly. However, PF e power factor is subject to unbalance loading and also different components of the active, reactive and distortion powers. Then, the unbalance loading impact on the value of PF e is not clear exactly.  On the other hand, it is worth noting that the main function of the power factor is to clarify various power components relations with each other. Although, the utility imbalance is determined regarding the other indexes such as negative sequence components. Therefore, it can be observed that utilizing power factor definition PF V is suitable for traction applications due to the effects of harmonics distortion and unbalance loading in the utility grid. This definition not changes and has a fixed trend versus unbalance index.  The value of PF 1 including only the fundamental components and the harmonic distortion is disregarded. So, there is slight disparity between PF V and PF 1 . Subsequently, when PF V calculation is difficult or impossible, PF 1 can be calculated as a proper approximation instead of PF V in all unbalanced situation. 
Conclusions
In this paper, the detailed characteristic of the power factor behavior has been simulated and analyzed. To evaluate the power factor behavior for a variety of applications, five special traction transformers (i.e. singlephase, V/V, Wye-Delta, Scott, and Le Blanc) have been compared in detail, and its effects on the utility grid have been investigated. Simulation results are different due to the unbalance loading and asymmetry in transformer structures.
Using the single-phase transformer culminates in the most trouble unbalance circumstances. Within the scope of three phase transformers, the V/V and Wye-Delta impose undesired imbalances on the utility grid compared to other connections. Having changed unbalance index from zero (complete balance state) to 100 percent, the PF e and PF A are considerably affected assuming fixed active and reactive powers, while more stability is observed in PF V and PF 1 definitions and they demonstrate less failure subject to asymmetric loading in both sides of traction substation.
Consequently, PF V power factor is the most efficient utility due to better stability and covering harmonic effects in comparison with other power factors as discussed in last section. It is worth nothing that, PF 1 can be suitable substitutions for PF V , when its calculation is impossible or challenging.
